Human dependence on insect pollinators continues to grow even as pollinators face global declines. The Northern Great Plains (NGP), a region often referred to as America's last honey bee (Apis mellifera) refuge, has undergone rapid land-cover change due to cropland expansion and weakened land conservation programs. We conducted a trend analysis and estimated conversion rates of Conservation Reserve Program (CRP) enrollments around bee apiaries from 2006 to 2016 and developed models to identify areas of habitat loss. Our analysis revealed that NGP apiaries lost over 53% of lands enrolled in the CRP, and the rate of loss was highest in areas of high apiary density. We estimated over 163,000 ha of CRP lands in 2006 within 1.6 km of apiaries was converted to row crops by 2012. We also evaluated how alternative scenarios of future CRP acreage caps may affect habitat suitability for supporting honey bee colonies. Our scenario revealed that a further reduction in CRP lands to 7.7 million ha nationally would reduce the number of apiaries in the NGP that meet defined forage criteria by 28% on average. Alternatively, increasing the national cap to 15 million ha would increase the number of NGP apiaries that meet defined forage criteria by 155%. Our scenarios also show that strategic placement of CRP lands near existing apiaries increased the number of apiaries that meet forage criteria by 182%. Our research will be useful for informing the potential consequences of future US farm bill policy and land management in the epicenter of the US beekeeping industry.
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agriculture policy | farm bill | land-use change | Conservation Reserve Program | pollinator I nsect pollinators play a critical role in supporting ecosystem function, global agriculture, and human health (1, 2) . Concurrent loss of honey bees (Apis mellifera) and native bees has raised significant concern over food security, human health, and agricultural productivity, particularly in the United States, where insect pollination services are valued at over $15 billion US dollars (USD) annually (3, 4) . US beekeepers have experienced >30% annual colony loss in recent years (5) , and native bee populations and other iconic insects such as monarch butterflies (Danaus plexippus) are declining throughout the United States (6, 7) . The rusty patched bumble bee (Bombus affinis), once found throughout the Midwest, was officially listed as an endangered species in 2017. Pollinators face myriad threats, including habitat loss, diseases, pathogens, pesticide exposure, and limited floral resources (8, 9) . As with much of biodiversity, the principal threat facing many pollinators on a global scale is habitat loss. The US Pollinator Health Task Force (PHTF) was assembled to address pollinator declines in response to habitat loss and other threats. The PHTF established three key goals, two of which included reducing colony losses of overwintering honey bees to no more than 15% and restoring or enhancing 2.8 million ha [7 million acres (ac)] of land for pollinators by 2020. Achieving these goals will require a joint effort between government entities and individual citizens, scientific evaluation of critical areas for conservation delivery, and effective monitoring to ensure that established habitat has the desired outcome on pollinator health.
Since the first farm legislation in 1933, US farm bills have been one of the most influential federal policies for agriculture and food production. Provisions within farm bills have profound influence on global trade, nutrition programs, commodity crop programs, rural communities, and land conservation. Since the Food Security Act in 1985, farm bills have included provisions for placing marginal cropland into long-term conservation covers under the Conservation Reserve Program (CRP). The CRP is a voluntary, private-lands program where landowners receive an annual rental payment from the US Federal Government for the duration of the contract (typically 10-15 y) and additional cost-sharing for establishing and maintaining these conservation covers, often in the form of grassland in the Great Plains. At its peak in 2006, the CRP had over 14.6 million ha (36 million ac) of land enrolled nationally; however, the maximum permitted enrollment was reduced under the 2008 and 2014 Farm Bills, and is currently set at 9.7 million ha (24 million ac). Originally designed to reduce soil erosion and improve soil health on marginal lands, subsequent farm bills have expanded the goals of the CRP, including improving water quality and providing wildlife habitat. Other ecosystem services provided by CRP lands include reducing greenhouse gas emissions; groundwater recharge; furnishing grazing lands for cattle during drought; and, most recently, supporting pollinator forage (10-13).
Significance
Global pollinator declines have raised significant concern over food security, human health, and agricultural productivity. Our work highlights how the Conservation Reserve Program (CRP) has a direct influence on landscape suitability for supporting honey bee apiaries in a region harboring >1 million colonies. Our analysis revealed recent conversion of CRP grassland to annual crops in core areas of the commercial beekeeping industry, thereby reducing forage lands for honey bees at a time when the number of colonies in this region has never been greater. Our landuse scenario models provide policy makers with direct information on how future CRP acreage caps established by the US Congress will affect the environmental carrying capacity for supporting honey bees and the US beekeeping industry.
Some of the most drastic losses of CRP land have occurred in the Northern Great Plains (NGP) (14) , a region supporting ∼40% of US honey bee colony stock. Often referred to as the last frontier of the commercial beekeeping industry, the Prairie Pothole Region (PPR) within the NGP is perhaps the most important part of the country for providing pasturing grounds for honey bees during the summer (9) . Beekeepers transport their colonies to this part of the United States because growing season weather and land cover provide optimal conditions for raising healthy bee colonies. Landuse changes in other parts of the country, and ideal conditions for blooming flowers, have resulted in an influx of commercial beekeepers and their honey bee colonies to the NGP during the summer. For example, in North Dakota and South Dakota, two states that constitute the majority area of the PPR, the number of registered honey bee colonies rose from 575,000 to 780,000 from 2006 to 2015 (15-18). Colonies that spend the summer in the NGP subsequently are transported throughout the country to pollinate a variety of agricultural crops during the late winter and spring (19) . Previous work has demonstrated the importance of grassland, and specifically CRP lands, in improving habitat suitability for honey bee colonies in the NGP (12, 20) . Furthermore, the area of uncultivated grasslands in the NGP is directly related to colony survival in California during almond pollination (21) , an agricultural crop worth over $5 billion USD annually (22) . Grasslands and CRP lands are preferred by beekeepers when selecting apiary sites because these land-cover types provide honey bees access to flowering plants throughout the growing season (12, 20, 23) . Since the early 2000s, significant land-use changes have taken place within the NGP and PPR; grassland and pasture have been converted to annual crops due, in part, to high commodity prices and incentives for growing corn and soybeans (24) .
Given the current downward trend in national CRP acreage and growth in registered honey bee colonies in the NGP, there is considerable uncertainty how this might affect the health of honey bee colonies and the commercial beekeeping industry, as well as the pollination services provided to the entire United States. Furthermore, it is unclear what CRP enrollments are being converted to once their contracts expire, where these conversion are occurring, and whether the NGP beekeeping industry could be affected. With commodity crop prices decreasing since 2015, and smaller profit margins for producers, some landowners will seek alternatives to crop production. The CRP and other conservation programs are likely to be reexamined as the 2018 Farm Bill is written. Debates over government-supported conservation programs often focus on budgetary cost to the government, without considering the benefits provided to farmers and the ecosystem services provided to society. Here, we investigate temporal trends and conversion rates of CRP land around 18,363 registered apiary locations in North Dakota and South Dakota from 2006 to 2016 and develop scenario models to evaluate how future changes in CRP acreage may alter landscape suitability for supporting managed honey bee colonies. We further consider how conversion rates may have differed within the PPR versus elsewhere in North Dakota and South Dakota, given differences in land characteristics.
Our research goals were to (i) quantify CRP area trends around registered apiaries in North Dakota and South Dakota, (ii) determine whether expired or terminated CRP enrollments near registered apiaries remained in grassland or were put back into agricultural production, (iii) investigate whether changes in CRP area have been occurring in areas supporting higher densities of registered apiaries, and (iv) evaluate the changes in suitability of the NGP landscape for supporting commercial apiaries under a suite of CRP acreage allocation scenarios. Our research addresses multiple information gaps with respect to pollinator health, agricultural policy, and ecosystem services provided by federally funded conservation programs. Fig. S2A ). In general, the greatest losses of CRP area occurred throughout much of the eastern and central potions of North Dakota (i.e., the PPR in North Dakota), northern portions of South Dakota, and arable regions outside the PPR (Fig.  1) . Counties with the highest density of apiaries tended to exhibit the greatest loss of CRP area (Fig. 1) . In 2006, the average area of the CRP around registered apiary locations within the PPR was x CRP 2006 = 89.4 ± 109.8 ha (1 SD), representing 10.9 ± 13.5% of the total land area within a 1.6-km radius of apiaries. In 2016, the average area of the CRP around PPR apiaries was reduced to x CRP 2016 = 41.7 ± 64.4 ha, or 5.1 ± 7.9% of the total land area within a 1.6-km radius of apiaries. Thus, there was a 53% loss of CRP area of converted CRP land was first planted as corn or soybeans; all other crop types constituted 33% (52,618 ha) of converted CRP land (Fig. 2) . From 2007 to 2012, 8% (13,514 ha) of converted CRP land was planted as sunflower, canola, or alfalfa (SI Appendix, Fig. S4 ). We note that our CRP conversion estimates may be biased low, relative to the actual area of converted CRP land, because our 5-y criterion was a conservative approach applied to overcome potential mapping errors in the annual land-cover data. Our analysis suggests conversion of CRP land to cropland remained high even after 2012; we detected that 191,668 ha of CRP land were converted from 2013 to 2016. However, estimates for these years may be biased high, as data were not available for five subsequent years of cropping history to substantiate the reliability of conversions mapped after 2012. Apiary Suitability and CRP Scenarios. We used simulation models to understand how multiple CRP scenarios could affect landscape suitability for supporting apiaries. Under the scenario of a national CRP cap of 7.7 million ha (19 million ac), our model estimated an average 28% decrease (range: 19-34%) in the number of apiaries in North Dakota and South Dakota that could meet the forage criteria from three published studies, relative to the 2016 CRP baseline (Fig. 3 and SI Appendix, Fig.  S6 and Table S1 ). On average, there was a 20.2% reduction in CRP area around apiaries under this scenario, relative to 2016. We also considered a 7.7-million-ha scenario where CRP enrollments located within 3.2 km of apiaries were preferentially maintained, while CRP enrollments beyond this distance were allowed to expire. This scenario represents a national reduction in CRP area, while recognizing the value of CRP land as pollinator habitat. Under the strategic reduction scenario, there was an average 18% decrease (range: 13-20%, across the three criteria) in the number of apiaries in North Dakota and South Dakota that met the CRP forage criteria, relative to the 2016 baseline ( Fig. 3 and SI Appendix, Fig. S5 and Table S1 ). On average, there was a 19% reduction in CRP area around apiaries under this scenario, relative to 2016.
Under the CRP scenario of 15 million ha (37 million ac), there was an average 155% increase (range: 68-210%, across the three criteria) in the number of apiaries in North Dakota and South Dakota that met the CRP-related forage criteria, relative to the 2016 baseline ( Fig. 3 and SI Appendix, Fig. S5 and Table S1 ). Under this scenario, the area of CRP land around apiaries increased, on average, by 93%, relative to the 2016 baseline. We also considered a 15.0-million-ha scenario where new CRP enrollments were prioritized within 3.2 km of registered apiaries (i.e., honey bee foraging distance). This scenario represented strategic establishment of CRP land in close proximity to honey bee colonies. Under this strategic scenario, there was an average 182% increase (range: 75-252%, across the three criteria) in the number of apiaries that met the CRP forage criteria, relative to the 2016 baseline ( Fig. 3 and SI Appendix, Fig. S5 and Table S1 ). Furthermore, the area of CRP land within 3.2 km of apiaries increased by 200% under this scenario, relative to the baseline. For all scenarios, the benefits of adding, or disadvantages of losing, CRP land to (Fig. 3  and SI Appendix, Fig. S5 ).
Discussion
Our work provides insight into how recent farm bill and land-cover changes have reduced CRP forage land for honey bees in close proximity to apiary locations in the NGP, a region supporting >1 million honey bee colonies annually. Private lands enrolled in the CRP are actively targeted by beekeepers when selecting apiary sites because of the floral resources these lands provide (12, 20, 23) . We show a systematic trend in CRP loss over the past 10 y, with the most drastic declines occurring in areas that support the highest numbers of apiaries. Detecting a greater loss of CRP land in areas of higher apiary density is not surprising, given that beekeepers often locate their apiaries in heterogeneous landscapes with marginal cropland, where land-use decisions are heavily dictated by commodity crop prices (25, 26) . Our conversion analysis encompassed a time span of high-commodity crop prices and reduced CRP acres and farm bill conservation program funding, thereby suggesting a role of federal policy in influencing land-use changes and landowner decisions, and the implications on bee forage lands. For example, our analysis revealed that in 2007, <1,400 ha of CRP land around apiaries was converted to cropland, whereas in 2008, ≈39,000 ha of CRP land around apiaries was converted to cropland, and much of the converted CRP land was first planted as corn or soybeans.
In 2006, corn and soybean prices were $3.04 and $6.43 per bushel, respectively (27) . By 2012, corn and soybean prices climbed to $6.89 and $14.40, and have decreased since then (27) . Our study showed that from 2007 to 2012, >60% of all of the converted CRP land around apiaries was first planted as corn or soybeans, suggesting that high commodity prices and/or bioenergy incentives for corn-based ethanol and soybean-based biodiesel influenced landowner decisions to convert CRP to cropland (24, 26) . The conversion of CRP to corn and soybeans likely reduces landscape suitability for honey bees because it eliminates important forage lands for pollinators and replaces them with crops of limited forage value. In addition, corn and soybeans are often intensively treated with a variety of agrochemicals that can negatively affect colony health through multiple pathways (28) (29) (30) . For example, neonicotinoids, a class of systemic insecticides that are applied to >80% of corn and >35% of soybean seeds (31) have negative effects on bee health and services (32, 33) . Beekeepers avoid placing their apiaries near large expanses of corn and soybeans because of the limited forage value and potential pesticide exposure (20, 34, 35) . We also detected that only 8% of all converted CRP land was first planted as sunflower, canola, or alfalfa, further demonstrating that the vast majority of CRP land is not being replaced with crops that provide pollinator forage value. Thus, our conversion analysis suggests that the NGP has been replacing pollinator-friendly forage lands with land covers posing significant threats to pollinator health, at a time when societal concern for pollinators has never been greater. In addition to loss of forage lands for pollinators, conversion of CRP land to annual crops can affect the delivery of other known ecosystem services provided by the CRP, such as improving soil health, providing wildlife habitat, and sequestering carbon (11, 36, 37) .
The observed trends in declining pollinator habitat are troubling, considering the influx of ≈190,000 new honey bee colonies in North Dakota and South Dakota from 2006 to 2016 (15-18). These trends suggest the US beekeeping industry is increasingly reliant on the NGP in providing refuge for honey bee colonies at a time when the carrying capacity of this landscape for supporting colonies is decreasing. Ecological theory suggests that substantial population increases without concurrent increases in carrying capacity can lead to greater levels of competition among honey bee colonies and among beekeepers for safe and productive pasturing grounds. Increased competition and lack of floral resources have been proposed as primary drivers of pollinator declines (8) . Further loss of honey bee colonies could destabilize crop pollination in multiple parts of the United States and further strain the financial solvency of the beekeeping industry, whose revenue is based on honey production and pollination service rental payments. Although few data are available to infer increasing competition among beekeepers, long-term records show that honey production per colony has decreased since 2000, even as the total amount of honey produced nationally has remained relatively constant (15-18). Furthermore, the apiary registration database we used for North Dakota shows beekeepers exhibit substantial overlap in their operating domains and often register apiaries within 2 km of one another. Although the density of colonies per apiary varies across our region, published estimates for North Dakota suggest 48 colonies per apiary (21) . A higher density of apiaries, or a higher number of honey bee colonies per apiary, in remaining forage areas has the potential to reduce per-colony honey yields and increase disease transmission (38) . Potential competition with native bees is also of concern in landscapes that are depauperate of floral resources (39) , as habitat availability plays a direct role in mediating outcomes of competitive interactions between honey bees and native bees (40) .
Our scenario models demonstrate considerable risk and opportunity to be considered for current and future conservation programs with respect to pollinator habitat. Whereas our trend analysis revealed that CRP acreage has declined by >50% around apiaries in North Dakota and South Dakota since 2006, our scenario models estimate that increasing the CRP national cap to 15 million ha would increase the number of apiaries that meet key forage requirements by 68-210% in North Dakota and South Dakota. In turn, colonies within these apiaries would contribute to honey production, a $300 million USD agricultural product, and provide pollination services for a variety of fruits, vegetables, and other crops elsewhere in the country (41) . For example, Smart et al. (21) showed that honey bee colonies in North Dakota surrounded by more grasslands had higher survival rates than colonies in landscapes with less conservation cover when transported to California to pollinate almonds, a pollinator-dependent crop worth over $5 billion USD annually. Our current research, in tandem with past studies, suggests that providing habitat for honey bees through the CRP will have a positive impact on pollinator health and, in turn, support agroecosystems and contribute to a healthy human diet elsewhere in the country. Our work provides a cogent example of the positive off-site benefits provided by the CRP to members of society who may never encounter or live near CRP-enrolled lands. Although policy debates often focus on the monetary cost of government-supported conservation programs, we highlight here how the CRP can be beneficial to pollinators, beekeepers, landowners, agricultural producers, and consumers alike.
By extension, perennial grassland also benefits biodiversity, including native pollinators and wildlife, and provides a variety of ecosystem services to both landowners and society (42) . Producers and landowners can benefit from establishing perennial covers that include floral sources for honey bees because these lands reduce water runoff, increase soil retention, sequester soil nutrients, and support crop pest predators (43) . The services provided by the CRP in some areas of the Midwest exceed the cost payments of the federal government to landowners (11) . Therefore, the potential total benefits of adding CRP acreage could go far beyond what we have quantified in this study. An integrated modeling approach that couples economic land-use modeling with biological and ecological assessments is needed to evaluate tradeoffs in ecosystem services brought on by land-use change, agricultural policy, and the CRP.
Our model results also highlight how the spatial allocation of future CRP enrollments can be optimized to provide maximum forage value, as opposed to a random allocation of the same area of CRP land on the landscape. Strategic placement of CRP land would require significant cooperation between landowners, beekeepers, and US Department of Agriculture (USDA) staff to target areas where habitat for bees has been depleted but still retains a high density of apiaries. Similarly, our strategic reduction scenario shows how a reduced CRP national cap could be implemented to ameliorate, but not totally eliminate, the negative effects of CRP loss on honey bee landscape suitability. Our models can be used to identify high priority areas to establish new CRP enrollments, maintain current enrollments, or maximize pollinator benefits. Traditionally, CRP enrollments have targeted environmentally sensitive lands that are at risk for soil erosion or lands that exist within the core range of imperiled wildlife species. Thus, there is a precedent for enrolling private lands in the CRP that maximize particular ecosystem service benefits. However, current ranking criteria for landowner enrollments in the CRP do not reflect pollinator habitat value to a meaningful degree (44) . Here, we show that strategic CRP enrollments in areas of high apiary density can maximize the benefits of the CRP to managed pollinators and contribute substantially to conservation goals established by the PHTF. Our study highlights how conservation initiatives, such as the CRP's Honey Bee Habitat Initiative (45), can be optimized to benefit pollinators. Additional CRP acreage would likely serve all three goals established by the PHTF by increasing pollinator habitat, establishing forage areas for monarch butterflies, and bolstering annual survival of honey bees. Furthermore, with the same national cap, the strategic enrollment policy does not necessarily increase the overall government budget, thus significantly improving the overall economic efficiency of the CRP. Our analysis assumed that all CRP enrollments provide a similar benefit to pollinators, an assumption unlikely to hold true considering the multiple practices and seed mix options that exist for CRP lands. In this light, our scenarios could be further extended by considering different CRP practices, and seeding mix options (23) , to model their differential benefit to pollinators. Elevating the forage quality of CRP lands would likely benefit pollinators, independent of the national cap size.
Our analysis revealed a need for, and benefits from, the CRP in supporting honey bees, a species that provides an ecosystem service valued at $12 billion USD annually (4) . Honey bee colonies that spend the summer in the NGP are subsequently transported around the country to pollinate multiple agricultural crops. Given the importance of honey bees to US agriculture and food security, our study shows how national policy that influences land-use decisions in the NGP can impact pollinator forage, with potential downstream consequences for US agriculture. Our CRP scenarios demonstrate how increasing the national CRP cap could have a measurable positive impact on pollinator habitat and, by extension, benefit the rest of society requiring healthy honey bees for crop pollination. . We used a geographic information system (GIS) to generate a 1.6-km buffer around each registered apiary point and quantified annual CRP area within the buffer. We created maps representing the density of changes in CRP area around apiaries using inverse distance weighting interpolation in a GIS. We then constructed a linear trend model with R (46) to estimate annual rate of change of CRP area around registered apiary locations. We calculated an average annual area of the CRP for all 18,363 apiary points and used this statistical average value as the response variable in our linear trend model. We report regression coefficients and 95% confidence intervals to evaluate statistical significance and effect size. We provide the area of various CRP conservation practices that existed within 1.6 km of apiaries in 2006 (SI Appendix, Fig. S3 ).
CRP Conversion. We estimated annual conversion rates of CRP fields within forage distance (1.6 km, as above) to registered apiary locations. We used landcover data from the 2006 CDL as our baseline year to compare with CDL maps for 2007-2016 to track types and rates of conversion (details are provided in SI Appendix). Inferring rates of land-cover conversion from remotely sensed data can be difficult, as rates of annual misclassification can exceed rates of change in agricultural landscapes (47) . We reduced the influence of potential mapping errors on our analysis of the conversion of CRP fields to cropland by recognizing such conversions only when field polygons remained in crop cover for a minimum of five consecutive years. We tracked whether CRP fields were converted to cropland (per our 5-y criterion); the year of conversion; and whether the initial crop type was corn, soybeans, or some other type. A caveat to our approach was that for 2013-2016, we lacked a full complement of five subsequent years to screen for potential mapping errors. Annual results after 2012 therefore may increasingly be influenced by mapping errors, especially for 2016, for which we had no subsequent data. we considered a 54% increase in CRP lands, with CRP acres strategically located within 3.2 km of registered apiaries to maximize forage benefit to honey bees. This scenario simulated a situation where establishing habitat for pollinators was given top priority for new CRP enrollments in the NGP.
CRP
To implement the scenarios spatially, we first reapportioned the national caps to North Dakota and South Dakota based on their observed 10-y high and low percentages of national CRP acreage (SI Appendix). For each scenario, the state caps were further reallocated to each county using its current percent of state CRP acreage.
We developed a map of cultivated lands to restrict the distribution of CRP gains to cropped areas in each county. We reclassified pixels from the CDL as either "cultivated" or "noncultivated" during 2011-2016, and then screened for those pixels that met the criterion of being cultivated in 4 of the 6 y (sensu ref.
49). To add or remove CRP polygons, we used polygon land units delineated by the USDA for tracking landowner participation in farm programs (https://www. fsa.usda.gov/programs-and-services/aerial-photography/imagery-products/ common-land-unit-clu/index) and overlayed these land units with the map of cultivated areas to assign a cultivated or noncultivated label to each land unit.
We prioritized the addition or removal of CRP polygons in the landscape based on their level of capability to support crops [determined with the Land Capability Class (LCC) in the USDA Soil Survey Geographic database (https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/geo/ ?cid=nrcs142p2_053627)]. To meet the 15.0-million ha alternative cap, we converted cultivated land units with the poorest available LCC ratings to new CRP enrollments. Conversely, to meet the 7.7-million-ha alternative cap, we removed CRP polygons from cultivated land units with the best available LLC ratings. For the 7.7-million-ha strategic reduction scenario, we preferentially maintained current CRP enrollments within 3.2 km of apiaries and allowed CRP enrollments beyond this distance to expire (SI Appendix). For the 15.0-million-ha strategic planning scenario, we prioritized placement of new CRP polygons within proximity to registered apiary sites to maximize the forage potential for honey bees.
We determined the number of apiaries that could be supported by the surrounding CRP acres resulting from each scenario with forage criteria from three published studies: (i) 380 ha of CRP land within 3.2 km (2 miles) of an apiary (21), (ii) 210 ha of CRP land within 1.6 km (1 mile) of an apiary (20) , and (iii) 130 ha of CRP land within 3.2 km (2 miles) of an apiary (12) . Note that the CRP criteria from these studies represented only partial land-cover criteria for supporting honey bee colonies. Additional scenario details can be found in SI Appendix.
Our analyses are representative of typical commercial apiaries in North Dakota and South Dakota, both in terms of number of colonies [48 colonies per apiary (21) ] and colony size (40,000 bees per colony), and unrepresentative of hobby apiaries, exceptionally large apiaries, or temporary holding yards. We archived all nonproprietary data and metadata associated with this study in the US Geological Survey ScienceBase-Catalog (50) .
